The surface structures of four materials (a pure aluminum sheet, an aluminum alloy sash, a thickness gauge and a magnetic tape) are observed on the nanometer scale by atomic force microscopy (AFM) and analyzed by one-dimensional fractal analyses. It is confirmed for all the surfaces that they have a self-affined fractal property under a resolution of 1 nm. The two-dimensional fast Fourier transformation (2D-FFT) analysis is also applied to these surfaces and their characteristics are clarified. The power spectrum model for surface simulation is proposed and its validity is confirmed by experimental results. A method for simulating the surface structure of any materials is presented, and its validity is shown on some materials whether in-plane isotropic or anisotropic. A computer-aided engineering (CAE) system composed of 2D-FFT and inverse FFT (IFFT) for quantitative estimation of surface nanostructures is advanced and applied to various surface problems. It enables the mass data of a material surface to compress into only three parameters. This compressed information includes all surface waviness, complexity, irregularity, roughness and in-plane anisotropic properties.
Introduction
In metal forming operations, surface structures of metals and tools are closely related to various surface problems, i.e., forming limit, coating feasibility, galling and other tribological characteristics. Recently, the accuracy and quality of nanotechnology processes have markedly improved, and thus, information related to the detailed geometry of such surface structures on the nanometer scale has become necessary as well as their complexities. Although a number of investigations on material surface phenomena have been carried out, [1] [2] [3] as of yet information on surface nanostructures has been insufficient. One of the reasons is that, the surface structures involve various classes of randomness and are difficult to characterize quantitatively. In order to analyse these structures, the authors proposed a fractal approach, and verified its validity against our past researches, 4, 5) where onedimensional fractal analyses were employed under a micro/ meso scale.
Based on their results, the present study has been conducted to clarify the actual state of the surface nanostructure and to establish a computer-aided engineering (CAE) method for estimating them. At first, the surface structures of four materials (a pure aluminum sheet, an aluminum alloy sash, a thickness gauge and a magnetic tape) are observed on the nanometer scale by atomic force microscopy (AFM) and analyzed by one-dimensional fractal analyses. The self-affinity and fractal nature property of these surfaces are investigated. Next, the fractal approach is extended to the two-dimensional (2D) fractal method, and thus, the two-dimensional fast Fourier transformation (2D-FFT) analysis is also applied to these surfaces. Moreover, by modeling the 2D power spectrum distribution, a method for simulating the surface nanostructures of any materials is presented, and also its validity is examined for various materials with in-plane isotropic and anisotropic surfaces. In addition, based on these results, a CAE system composed of 2D-FFT and inverse FFT (IFFT) is advanced, and its application is presented and discussed regarding the various surface problems.
One-Dimensional Fractal Analysis
A fractal is a complicated geometric figure, which does not have characteristic length, but has self-similarity. Since Mandelbrot advocated this concept in 1975, its applications have been tried by the quantification of a complicated phenomenon or an object in various fields.
3) Generally, material surfaces are not self-similar, but self-affined. The term 'self-affinity' denotes that shapes are invariant under transformations that scale different coordinates by different amounts. The fractal dimension usually characterizes a fractal property. 6) Although various methods for determining it had been proposed in past investigations, the power spectrum and zeroset analyses were shown to be applicable to self-affined surfaces by the authors. 4, 5) They are regarded as one-dimensional analyses and are also employed in the present research.
Power spectrum method
The power spectrum S P and the wavelength were obtained by applying one-dimensional FFT analysis to the surface profile curves, and the following relation was assumed.
S P / ð1Þ
The fractal dimension D PS was determined from the slope of the logðS P Þ vs logðÞ plot, denoted by , as.
where E is the Euclidean dimension, and E ¼ 1 in this study.
Zeroset method
An explanation of the zeroset method is shown in Fig. 1 . Intersections of surface irregularities and the basal plane, referred to as zeroset elements here, are generated and their shapes are directly observed. Even if surfaces are self-affined and isotropic in-plane, the resultant zeroset elements become self-similar and reduce their fractal dimensions by one. When the area and the peripheral length of each zeroset element are denoted by Az and Lz, respectively, the fractal dimension Dz is obtained from the following relation.
When the relation between Lz and Az is measured experimentally, the zeroset dimension Dz can be determined by the following equation from the slope of the logðLzÞ vs logðAzÞ plot, denoted by z .
Experimental procedure
The tested materials were commercially available pure aluminum sheets (A1100-O), aluminum alloy bars (A6063-T5 for sash), a thickness gauge and a magnetic tape. Since pure aluminum sheets are used in many metal forming processes, and aluminum alloy bars are the products of metal forming processes, an analysis of their respective surfaces will no doubt prove useful in such processes. Of course both pure aluminum sheets and aluminum alloy bars are considered in-plane anisotropic materials. Also a thickness gauge was chosen because it is in-plane isotropic and has an extremely smooth surface. Magnetic particles give a special aspect to the tape surface, so a magnetic tape serves as another nonmetal material. The characteristics of the tested materials are shown in Table 1 . Their surfaces were observed by AFM (Shimadzu Co. (SPM-9500 J 3)). The scanning ranges (SR) used are 20 mm Â 20 mm (SR ¼ 20 mm), 2 mm Â 2 mm (SR ¼ 2 mm) and 500 nm Â 500 nm (SR ¼ 500 nm). Image resolution was set at 512 Â 512 pixels.
Confirmation of self-affinity
Isotropic systems with such scale symmetry and invariance are self-similar, and can be characterized by a fractal dimension, a property that corresponds in a unique fashion to the geometrical shape of the system. However, such anisotropic systems with scale asymmetry as material surfaces are self-affined, which means that such systems preserve their scale invariance only if lengths in different directions are rescaled by a direction-dependent scale factor. Scaling by different amounts in the x-and z-directions gives a self-affined fractal, which is shown in the following relation.
3)
Áz / Áx H ð5Þ Figure 2 shows an example of a vertical section of a surface profile taken from a sample of the thickness gauge. The vertical sections are shown in three ranges of scanning, where the ratio of the vertical axis to the horizontal axis is ten to one. However, the wavelength and the wave amplitude increase relatively with decreasing SR in the same scaling. This means that the magnification factors are different, which denotes the self-affined property.
Detailed observation shows that eq. (5) stands for all the used materials, although not shown here. H was obtained; 0.76 for A1100-O, 0.47 for A6063-T5, 0.33 for the thickness gauge and 0.31 for the magnetic tape. Thus, it was confirmed that their surfaces are self-affined in the range down to at least SR ¼ 500 nm. 
Nanofractal dimensions
The relationship between the power spectrum S P and wavelength of A1100-O was investigated, and is shown in Fig. 3 , where a linear relationship was found between S P and . Moreover the relationship between S P and for all the tested materials was investigated. It was found that relation (1) holds for all materials, showing a fractal nature.
The relationship between power spectrum dimension D PS and scanning range SR is shown in Fig. 4 . The D PS of A1100-O decreases gradually with increasing SR. Values of D PS were determined in the range of 0.08 to 20 mm for when SR ¼ 20 mm. This relationship was also observed in the other three materials.
The relationship between Lz and Az for A1100-O is shown in Fig. 5 , where a linear relationship can be observed, and it denotes a fractal nature.
The relationship between the zeroset dimension Dz and the scanning range SR is shown in Fig. 6 . When SR decreases, Dz also decreases, and when SR is 500 nm, Dz becomes approximately unity. The zeroset dimension Dz and the power spectrum dimension D PS have different values. Dz is a direct measure of the complexity of surface irregularities, whereas D PS is different from the physical viewpoint in that it is a measure of wavelength dependability when the surface is viewed as a spectrum. If the magnifying power increases, Dz decreases, indicating that the surface becomes smooth. On the other hand, D PS slowly increases with increasing magnifying power, in contrast to Dz. This shows that the influence of the short-wavelength ingredient of a crosssectional curve is reflected strongly, when the magnifying power increases.
According to the self-affinity and two fractal analyses, all the tested surfaces were found to be self-affined fractals in the range down to at least SR ¼ 500 nm, corresponding to a resolution of 1 nm.
Two-Dimensional FFT and Simulation of Surfaces
In order to quantify the irregularities of the whole surface, it is more important to grasp the three-dimensional features of the surface structure. In our previous research 7) we suggested a method for surface simulation of in-plane isotropic materials. Here, we attempted to develop a comprehensive method of estimating and simulating any material surface, whether isotropic or anisotropic in the plane.
2D-FFT analysis on material surface
Employing one method, 2D-FFT was carried out on 2D-AFM images of in-plane anisotropic aluminum sheets (A1100-O), and their power spectra were examined. Examples of the AFM and 2D-FFT images are shown in Fig. 7 . The spectrum obtained by FFT shows the strength of the power spectrum S P in each (kx,ky). The relative depth is illustrated by the varying degree of brightness, and has the following characteristics. The values of kx and ky are wave numbers of unit of length in the x and y directions, where x corresponds to the rolling direction and y is the direction perpendicular to it.
The vertical section of the power spectrum image is shown in Fig. 8. Figure 8(a) shows that when ky is constant and equal to 12.8 mm À1 , and kx is varies from 0 to 25.6 mm À1 , the curve is symmetrically shown relating to the midpoint (kx ¼ 12:8 mm À1 ). The curves were examined using the other constant values of ky, and the result was the same. Also, Fig. 8(b) shows the vertical section of the power spectrum image when kx is constant and equal to 12.8 mm À1 , and ky is variable. This curve is also symmetrical at the midpoint (ky ¼ 12:8 mm À1 ). The curves using the other constant values of kx were symmetrical at the midpoint, as well. Accordingly, it was concluded that the power spectrum image is symmetrical through two midplanes, and thus, the image was divided into four portions (A, B, C, D), as shown in Fig. 9(a) . Therefore, if the portion of A is modeled, the whole power spectrum image can be determined. In addition, a cross section of the power spectrum image was examined in the meridian direction. The meridian cross-sectional curve and its related angle are shown in Fig. 9(b) . The meridian curve can be drawn at an arbitrary angle of in the portion of A. An example of the curve is shown in Fig. 10 , where the equivalent wave number K is defined by eq. (6) . As it is difficult to define the characteristics using this graph, S P and K have been displayed on a logarithmic graph in Fig. 11 . Since the curve can be approximated by a straight line, eq. (7) can be applied. This equation shows a power rule of K, indicating a fractal nature.
Here, the value of the coefficient and the slope for each were investigated using eq. (7). Consequently the values of and were found to be almost the same grade for all ranges of , except for ¼ 0 and 90 corresponding to the kx-and ky-axes.
Creation of a power spectrum image for simulation 3.2.1 Modeling of power spectrum distribution
A model was produced using the characteristics of the 2D-FFT analysis results and a spectrum was created. Based on the symmetry of the power spectrum distribution, the portion of A was modeled by rotating the curve mentioned in eq. (7) in 0 < < 90 , when S P -axis is the rotation axis, as shown in Fig. 12 . After constructing the portion of A, the portions of B, C and D were determined using their symmetric properties. The whole spectrum thus obtained is referred to as the base spectrum.
An actual and a base spectrum are compared in Fig. 13 . First, it turns out that the base spectrum is smoother. Accordingly, variation was given to the base spectrum by introducing the Gauss random number, and the result is shown in Fig. 14(a) .
It was found from the results of the power spectrum analysis on aluminum A1100-O sheets that the power spectrum values on the kx-and ky-axes are respectively, singular and multiple of the values obtained by eq. (7), and dominate the in-plane anisotropic property of the sheets. Accordingly, an anisotropic parameter is introduced here, and the power spectrum S P is expressed by eqs. (8) and (9) on the kx-and ky-axes, respectively.
on the kx-axis ð8Þ ðS P Þ ky ¼ À1 K À ; on the ky-axis ð9Þ
depends on the type of material used, and a value of 93 was obtained in the case of aluminum A1100-O from the experimental results. Of course, is considered 1 for inplane isotropic materials. The effect of on the power spectrum is shown in Fig. 14(b) . Thus, the creation of a spectrum was carried out satisfactorily. 
Determination method of parameters
In order to quantify the surface structure of an AFM image, eq. (7) was used and and were determined for ¼ 45 in the spectrum image using the least-squares method. Moreover, is calculated for ¼ 0 in the spectrum image. The obtained , and are used as the simulation parameters.
An adequate range of the equivalent wave number K, which requires the parameters, was examined. Since the curvature radius of the stylus in AFM is originally limited to 20 nm, S P is unreliable in a range of the wavelength less than 20 nm. In other words, considering the relation of ¼ K À1 these parameters were determined.
Simulation method for 3D surfaces
Based on the aforementioned results, a method for creating three-dimensional surfaces is presented here. The flow chart of this method is shown in Fig. 15 .
First, the material property is set up so that the simulated surface is in-plane anisotropic. Next, , and should be inserted, then the power spectrum is generated and randomness is given to it. After the Fourier real and imaginary parts are calculated, 2D-IFFT is carried out, by which the surface feature is created. 
Results of simulation
The simulation was carried out on in-plane anisotropic aluminum A1100-O sheets. The employed values for parameters are ¼ 0:52, ¼ 3:12 and ¼ 93, where the value is expressed with the units nm 2 s À1 for S P and mm
À1
for K. The experimental and simulated 2D and 3D surfaces in SR = 20 mm are shown in Fig. 16 . As seen, the feature and anisotropic properties of experimental and simulated surfaces are well matched. Also, the value of Z-Max is approximately the same for both surfaces; therefore the validity of this method was confirmed.
Applications of 2D-FFT and IFFT to Analyzing Surface Structures
There are various applications of 1D-FFT to the engineering process and the introduction of 1D-FFT into CAE systems was proposed in our past research. 5) Here, a CAE system for analyzing surface structures of any materials, which combines 2D-FFT with IFFT including modeling, has been constructed, and its applications are presented.
3D simulation of various engineering surfaces
The aluminum alloy bar (A6063-T5 for a sash) is another anisotropic sample for material surface simulation As an example of in-plane isotropic and nonmetal materials, magnetic tape was used for the simulation. Although magnetic tape is considered to be an isotropic material, the magnetic particles give a special aspect to the tape surface. The simulation parameters for this material were calculated as ¼ 0:2, ¼ 2:08 and ¼ 1. Its surface features are shown in Fig. 18 , and it is compared with the generated surface by simulation. As seen in Fig. 18 , the roughness and surface complexity in addition to the surface features have been well matched.
Estimation of surface features using and
Actually, and in eq. (7) denote surface characterizations. The effect of on surface features was examined by simulation and shown in Fig. 19 shows the relationship of with surface roughness characterizations, when ¼ 3 and ¼ 1. The Z-Max corresponding to roughness Rz increases with increasing . Thus, these two parameters serve to characterize the surface features.
4.3 Examination on surface smoothing in high-precision metal forming One of the applications of the present CAE system is to confirm the possibility of its utilization to the nanotechnology process in metal forming. Here, we attempted to generate supersmooth aluminum surfaces by simple compression. Specimens of 10 mm Â 3 mm, 0.8 mm thickness were made using the aforementioned A1100-O aluminum sheets, and paraffin mineral oil was used as a lubricant between the compression tool and the sheet.
After pressing, the surface roughness Rz was measured for each compression ratio e C in the cases of 0 and 90 directions, which is shown in Fig. 21 . The Rz decreases with increasing compression ratio, indicating that the plastic deformation causes the large-wavelength components to grow, which reduces the surface complexity. The roughness of the tool surface was 50 nm, and the minimum Rz in the pressed surfaces was 140 nm at a compression ratio of 65%. and were obtained for each compression ratio by the aforementioned method and are shown in Table 2 . The simulated surfaces based on these values are shown in Fig. 22 . These simulation results were in good agreement with the experimental results. From Table 2 it is seen that , which expresses roughness characterizations, decreases with increasing compression ratio, and this tendency is matched with a variation of Rz. In addition, the surface complexity which decreases with increasing compression ratio is matched with a change in . Thus the quality of the deformed surface structure can be judged by these parameters. Therefore, the proposed system is regarded as useful for understanding the surface nanostructures of products manufactured through high-precision press forming.
Finally, while the 3D surface information constitutes 512 Â 512 elements, it can be reproduced through only three parameters , and using the advanced CAE system. Accordingly, the system is also regarded as applicable to socalled information compression.
Concluding Remarks
The results obtained in the present research are summarized as follows:
(1) From the results of the one-dimensional fractal analysis, it was found that the surfaces of all used materials are self-affined fractals at a resolution of 1 nm. (2) The results obtained for two-dimensional FFT of AFM images showed that the meridian cross-sectional curve had a fractal nature. (3) The spectrum distribution could be modeled adequately by introducing its symmetry in the wave-number space and an anisotropic parameter. (4) By using only three parameters a simulator was successfully developed, which can carry out the creation of three-dimensional surface features at the same level of complexity as that of the actual surface. (5) A CAE system composed of 2D-FFT and 2D-IFFT was constructed for quantitative estimation of the surface structures and its various applications were shown to be valid. (6) The mass data of surfaces could be compressed into only three parameters using this system. This compressed information includes all surface waviness, complexity, irregularity, roughness and anisotropic properties. 
